Impaired endothelium-dependent vasodilation (EDV) is an early marker of atherosclerosis. The aim of the present study was to investigate how meals with different fat contents influence endothelial vasodilatory function. A total of 26 young, healthy men and women aged 20-30 years ingested an ordinary Western meal [34 energy % (E %) fat, n = 10], or isocaloric meals with low-fat (20 E %, n = 8), or minimal-fat (3 E %, n = 8) content. EDV was assessed as forearm blood flow (FBF) during local administration of 4 µg/min methacholine chloride (Mch-FBF) and endothelium-independent vasodilation as FBF during administration of 10 µg/min sodium nitroprusside (SNP-FBF) at baseline and 1 and 2 h after each meal. FBF was determined by venous occlusion plethysmography. An endothelial function index (EFI) was calculated as the Mch-FBF/SNP-FBF ratio. Both Mch-FBF and the EFI were decreased at 1 h after the 34 E % fat meal (P < 0.01 and P < 0.05 respectively), but approached fasting levels after 2 h. Mch-FBF and EFI did not change significantly in the group consuming the 20 E % fat meal, but increased in the 3 E % fat group (P < 0.01 and P < 0.05 compared with baseline for Mch-FBF and EFI respectively). SNP-FBF was not significantly affected by any of the meals. In conclusion, low-fat meals did not attenuate EDV, in contrast with an ordinary Western meal, which transiently impaired EDV. Our findings indicate that a dietary fat content of 20 E % or less might be beneficial to endothelial vasodilatory function.
INTRODUCTION
The relationship between excessive fat consumption, hyperlipidaemia and coronary heart disease is well established [1] , although the underlying mechanism is not fully understood. It has been reported that both high-fat meals and meals with an ordinary Western fat content impair endothelium-dependent vasodilation (EDV) in humans [2] [3] [4] [5] [6] [7] .
Although EDV is impaired in hypercholesterolaemic patients, and inversely associated with levels of fasting low-density lipoprotein (LDL) cholesterol in healthy subjects [8, 9] , other factors in addition to LDL cholesterol may mediate the acute effects of meal ingestion on EDV. Indeed, in three previous studies, EDV was inversely related to postprandial serum triacylglycerol (TG; triglyceride) or non-esterified fatty acid (NEFA) levels after meals [2, 3, 6] . Furthermore, both exogenously and endogenously elevated circulating fatty acids acutely impair EDV in healthy subjects [10] [11] [12] . Taken together, these data indicate that postprandial lipid metabolism is important for endothelial vasodilatory function, and thereby possibly also for atherogenesis.
To investigate whether postprandial dysfunction in EDV can be avoided by lowering the fat content of meals, we studied forearm EDV after ingestion of meals with different fat contents in young, healthy individuals.
METHODS Subjects
Twenty-six healthy men and women aged 20-30 years (mean + − S.D. 24 + − 3 years; body mass index 22.9 + − 2.0 kg/m 2 ; serum cholesterol 4.1 + − 0.7 mmol/l) without any known cardiovascular, metabolic or gastrointestinal disorders were recruited from the general population of Uppsala, Sweden. Subjects on regular medication, taking vitamin supplements at doses exceeding U.S. Food and Drug Administration recommendations and habitual smokers were not included in the study.
Written informed consent was obtained from each participant. The study was carried out in accordance with the Declaration of Helsinki (2000) of the World Medical Association, and was approved by the Human Ethics Committee of Uppsala University.
Experimental procedures
Subjects were instructed to abstain from alcohol for 36 h and from food and exercise for 12 h before the study, and to drink only water on the study morning. The studies began at 08.00 hours, with the subject in the supine position. Room temperature was maintained at [20] [21] [22] • C. An arterial catheter (1.0 mm; Ohmeda, Swindon, U.K.) was inserted into the brachial artery for the infusion of vasodilators. A venous catheter was inserted into the same arm for drawing of blood samples.
After fasting blood and urine samples had been obtained and a baseline endothelial function test had been performed, subjects were randomly allocated into three groups, and each subject consumed a meal with an ordinary fat content (n = 10), in which 34 % of the energy (34 E %) was derived from fat, a low-fat meal (20 E % fat; n = 8) or a minimum-fat meal (3 E % fat; n = 8) (Table 1) . Meals were consumed during 15 min. The male/female ratio was 1 : 1 in each meal group. Subjects weighing less than 70 kg received meals of energy content 2930 kJ (700 kcal); otherwise a meal of 3770 kJ (900 kcal) was given. The ordinary and low-fat meals consisted of minced meat (beef) in tomato sauce, rice, a vegetable mix (peas, corn and paprika), bread, butter and water. The minimum-fat (3 E %) meal consisted of cooked cod in tomato sauce with rice and beans, vegetables, bread and a carbohydrate beverage Table 2 ). Measurements were performed during the 5th min of vasodilation. Mch-FBF and SNP-FBF were registered in random order, and washout periods of 20 min were allowed between drugs. The endothelial function index (EFI), reflecting the endothelial contribution to vasodilation, was calculated as the Mch-FBF/SNP-FBF ratio.
The reader of FBF was blinded to data on meal group and order of vasodilatory drugs. The short-term (2 h) and long-term (3 weeks) reproducibility of Mch-FBF and SNP-FBF using this method has a coefficient of variation of 5-7 % [13] .
We have found recently that Mch infusion at 4 µg/min results in a significant increase in forearm venous plasma nitrite and nitrate concentrations in healthy volunteers. The forearm release of plasma nitrite and nitrate showed a > 10-fold increase, indicating that Mch mediates vasodilation through increased NO production [14] .
Biochemical analysis
Plasma and urine samples, but not serum samples, were centrifuged immediately, pipetted and frozen at − 70
• C. Enzymic kits were used to determine serum concentrations of TG and cholesterol (IL Test Triglyceride 181610-60 and IL Test Cholesterol 181618-10; Instrumentation Laboratory Co., Lexington, MA, U.S.A.) and NEFA (NEFA C 994-75409; Wako Chemicals GmbH, Neuss, Germany) in a Monarch 2000 multicentrifugal analyser (Instrumentation Laboratory Co.). Whole-serum fatty acid composition was analysed by GLC as described previously [15] . Plasma malondialdehyde was determined with the thiobarbituric acid test after HPLC separation with fluorescence detection [16] . Urine 8-iso-prostaglandin F 2α (8-iso-PGF 2α ) was analysed by RIA [17] . Plasma glucose was measured in a Beckman glucose analyser (Beckman Coulter Inc., Fullerton, CA, U.S.A.). Insulin was assayed in EDTA plasma using an enzymic/immunological assay (Enzymmun ® ; Boehringer, Mannheim, Germany) in an ES300 automatic analyser (Boehringer).
Statistical analysis
The effects of different meals were calculated by ANOVA for repeated measurements, with the meal group as a factor. This means that the interaction term between time and meal group tested whether the development of a variable following a meal differed between the different meal groups. When the analysis was instead split by meal group, the repeated measurement analysis tested whether the development of a variable following a meal was significant within each of the meal groups. Linear regression analysis was applied for comparisons between continuous variables. P < 0.05 was regarded as significant. Data are expressed as means + − S.D. unless otherwise specified.
RESULTS
Basal FBF increased following all meals ( Table 2 ). The change in Mch-FBF at 1 h was significantly different between groups (P < 0.05). In the 34 E % fat group, Mch-FBF decreased by 14 + − 0.9 % (P < 0.01) at 1 h, but had returned to fasting levels at 2 h (Table 2, Figure 1 ). No significant change was observed for Mch-FBF in the low-fat (20 E %) group. In the minimum-fat (3 E %) group, Mch-FBF increased significantly between 1 and 2 h (P < 0.01), although the increments from baseline to 1 and 2 h were not significant. SNP-FBF remained unchanged after all meals (Table 2, Figure 2 ). In addition, when endothelial vasodilatory function was expressed as EFI (Mch-FBF/SNP-FBF ratio), a significant difference between groups was seen (P < 0.05), with a decrease in EFI in the 34 E % fat group after 1 h (P < 0.05), but not after 2 h, compared with baseline ( Figure 3 ). No such decrease in EFI was seen after meals with lower fat contents. In fact, EFI increased significantly after 2 h in the minimum-fat (3 E %) group (P < 0.05 compared with baseline). Serum NEFA levels decreased significantly at 1 h in all groups except the 34 E % fat group, and were still significantly lower at 2 h compared with baseline (Table 3) . Plasma glucose levels were elevated significantly in all groups at 1 h, and remained higher at 2 h, compared with baseline (Table 3) . Serum TG levels were significantly increased at 2 h compared with baseline in the ordinaryfat (34 E %) and low-fat (20 E %) groups (Table 3 ). In Table 3 Circulating levels of lipids, glucose, insulin and biomarkers of lipid peroxidation before and at 1 and 2 h after ingestion of meals with different fat contents Values are means + − S.D. Significance of differences: *P < 0.05, **P < 0.01, ***P < 0.001 compared with baseline.
Serum
Plasma
Ordinary meal (34 E % fat, n = 10) Baseline 3.6 + − 0. contrast, the TG level was significantly decreased at 2 h in the minimum-fat (3 E %) group. No significant changes were observed for serum cholesterol or the lipid peroxidation markers plasma malondialdehyde and urine 8-iso-PGF 2α in any of the groups (Table 3) . Plasma insulin was increased significantly at 1 h and was still significantly elevated at 2 h in all groups (Table 3) . By univariate regression analysis including all groups, the change in plasma insulin was significantly associated with the change in Mch-FBF after 2 h in the total sample (r = 0.45, P < 0.05 at 2 h, r = 0.29 at 1 h). There were, however, no significant relationships between changes in Mch-FBF, SNP-FBF or EFI and changes in serum NEFA or TG in the total sample.
DISCUSSION
The major finding of the present study was that endothelial vasodilatory function, although attenuated by an ordinary Western mixed meal containing 34 E % fat, remained unaltered or increased after meals with lower fat contents. Thus a decrease to 20 E % fat was sufficient to eliminate the decrease in EDV seen after the 34 E % fat meal.
Our findings are corroborated by several previous studies showing that EDV decreases after meals containing an average to high fat percentage [2] [3] [4] 6, 7] , although this has not been a consistent finding [5, 18, 19] . Furthermore, virtually fat-free meals have been shown to preserve EDV [2, 3, 5, 7] . In the studies by Vogel et al. [2] , Plotnick et al. [3] and Ng et al. [7] , high-fat meals containing approx. 50 E % fat reduced flow-mediated vasodilation (FMD), whereas no significant change was seen after fat-free meals. In a similar manner, we have demonstrated previously that EDV decreased 1 h after a meal containing 34 E % fat [6] . Taken together, these studies show that virtually fat-free meals preserve EDV, whereas meals containing 34-60 E % fat decrease EDV in some studies. To our knowledge, the present study is the first to show that a moderate lowering of fat content from 34 to 20 E % fat or less preserves EDV.
In the meal containing 20 E % fat, the fat was mainly substituted by carbohydrates, leaving the protein content unchanged compared with the 34 E % fat meal. No major changes in the proportions of saturated and polyunsaturated fatty acids were achieved by lowering fat content from 34 to 20 E%. If anything, the saturated to polyunsaturated fatty acid ratio increased, a shift not generally regarded as being beneficial for endothelial function. Thus, for the comparison between the meals containing 34 E % and 20 E % fat, it seems that it was the change in the amount of fat, and not the fat quality, that was responsible for improvement in EDV.
The present study also investigated several potential mechanisms whereby a 34 E % fat meal might attenuate EDV, i.e. changes in NEFA, TG and insulin levels, as well as in biomarkers of lipid peroxidation. Substantial differences in insulin levels were observed between the groups in the present study, with the smallest increase in the ordinary (34 E % fat) meal group. Furthermore, changes in insulin levels were correlated significantly with changes in Mch-FBF at 2 h in the total sample. Indeed, insulin has been shown to be an endothelium-dependent vasodilator [20, 21] . Furthermore, acute hyperinsulinaemia has been shown to enhance Mch-FBF, and to maintain Mch-FBF during acute elevation of circulating NEFA levels in healthy humans [11] . In contrast, acute elevation of circulating long-chain NEFA by infusion of a lipid emulsion with heparin has been shown to impair EDV [10, 11] . As insulin was elevated in proportion to the postprandial increase in glucose concentration, we observed larger increases in insulin levels the greater the carbohydrate content and the lower the fat content in the meals. It has been demonstrated that insulin inhibits hormone-sensitive lipase and stimulates lipoprotein lipase, which will result in decreased circulating NEFA levels and incorporation of NEFA into adipose tissue TG [22] . Thus, in the present study, the postprandial NEFA levels were lowered in proportion to the elevation of insulin levels. As the change in Mch-FBF was related to the change in insulin levels in the whole sample, the combination of only a modest rise in insulin together with the blunted decrease in circulating NEFA seen at 1 h in the 34 E % fat group might contribute to the reduced Mch-FBF seen in this group [6] .
Interestingly, Mch-FBF and the EFI increased significantly after the 3 E % meal, although no increments in endothelial vasodilatory function were observed after the 20 E % meal. This difference may be attributed to the significantly higher insulin level seen after the 3 E % meal as compared with the 20 E % meal. A special characteristic of the minimum-fat (3 E %) meal was that the fat was derived mainly from fish (cod), in contrast with the other meals. This resulted in a shift from monounsaturated to polyunsaturated fatty acids in the 3 E% fat meal, as compared with the 20 E% fat meal, whereas the protein content and the proportion of saturated fat were essentially unchanged. Although a high dietary or supplementary intake of polyunsaturated fish oils is associated with enhanced EDV and reduced cardiovascular disease risk [23] [24] [25] , ingestion of two different high-fat meals containing 50 E % fat with different proportions of saturated fat decreased FMD similarly after 4 h, whereas a fat-free meal preserved FMD [7] . However, when comparing the 34 E % and 3 E % fat meals in the present study, the possibility cannot be ruled out that the change in polyunsaturated fatty acid proportion could play a role.
The results would, of course, have been more clear cut if liquid fat meals had been given that differed only in the amount of fat and not in fat quality and other macronutrients. However, the aim of the present study was to study the effects on EDV of different kinds of meals eaten by the general population in order to establish the health perspectives in a broader sense, an aim that could not have been fulfilled if only artificial diets had been given.
Although Plotnick et al. [3] found a correlation between postprandial changes in serum TG levels and changes in FMD, we did not find such a relationship. Furthermore, as there was a greater increase in the serum TG level in the low-fat (20 E %) group compared with the group consuming the ordinary meal (34 E % fat), it seems unlikely that the TG level per se determines endothelial vasodilatory function. Our data have been corroborated by other studies, in which no relationships were found between EDV and circulating TG levels after a high-fat meal [5] or in patients with severe hypertriglyceridaemia and lipoprotein lipase dysfunction [26] . Indeed, acute elevation of TG by infusion of a lipid emulsion did not impair EDV in humans [10, 27] .
We have shown previously that plasma lipid peroxidation, measured as plasma malondialdehyde or 8-iso-PGF 2α levels, increases significantly after an acute elevation in circulating levels of long-chain NEFA during infusion of a lipid emulsion with heparin, in parallel with an attenuation of EDV [11, 12] . Under these conditions, infusion of vitamin C reversed the effect of elevated NEFA levels on EDV [12] . Furthermore, Plotnick et al. [3] showed that the attenuation of FMD seen after a high-fat meal was absent when 800 i.u. of vitamin E and 1 g of vitamin C were added to the high-fat meal. In a study by Williams et al. [5] , however, both an average-fat meal (30 E % fat) and a high-fat meal (60 E % fat) failed to attenuate FMD, whereas a decrease was seen after a high-fat meal (60 E % fat) containing used cooking fat. Despite the high content of lipid peroxidation products in used cooking fat, these authors could not demonstrate a significant increase in lipid peroxidation biomarkers (thiobarbituric acid reacting substances and fluorescent lipid oxidation products). Neither did the present study detect significant increments in the two lipid peroxidation markers plasma malondialdehyde and urine 8-iso-PGF 2α . The biomarkers of lipid peroxidation assessed in the present study, as well as in the study by Williams et al. [5] , are non-specific indices of oxidative stress, and may have not responded to the factors responsible for the attenuated EDV in these studies. Thus the present study cannot provide evidence that the decrease in EDV in the 34 E % fat group is due to increased lipid peroxidation.
In the present study, basal FBF increased significantly and similarly after all meals. In intervention studies under such conditions, it is most appropriate to express EDV and EIDV as absolute values (i.e. Mch-FBF and SNP-FBF), and not in relation to baseline FBF, as this would lead to underestimations of EDV and EIDV. Further support for this approach is offered by pilot studies in which we found that EDV and EIDV, expressed as Mch-FBF and SNP-FBF, were not related to increments in basal FBF induced by saline infusion. Neither is the EFI biased when basal FBF is increased by an intervention, as this index expresses the ratio between Mch-FBF and SNP-FBF, independently of basal FBF. This index was only reduced by the 34 E % fat meal, and thus supports the Mch-FBF data.
It has been questioned whether Mch acts as a endothelium-dependent vasodilator in the same way as acetylcholine (Ach) [28, 29] . However, in a study in which the more than 10-fold increased potency of Mch compared with Ach was taken in account and the concentrations of these vasodilators in the forearm was calculated, it was found that the NO synthase blocker N G -monomethyl-l-arginine reduced the vasodilatory properties of these two drugs to a similar extent [30] . Furthermore, in a previous study we showed that Mch induced similar release of NO from the forearm [14] as was reported during a similar degree of vasodilation induced by Ach [31] , further supporting the view that these two vasodilatory substances, acting as agonists on the same muscarinic receptor (M 3 ), may both be used as tools to investigate EDV.
In conclusion, an ordinary mixed meal with a moderate to high fat content (34 E %) transiently attenuated EDV, whereas a reduction of the fat content to 20 E % or less abolished this effect or improved EDV. Our findings indicate that a dietary fat content of 20 E % or less might preserve endothelial vasodilatory function, and thereby protect against atherosclerosis.
